Introduction
In all living organisms, protein degradation is an essential activity that is involved in protein turnover and post-translational quality control, but also fulfills vital regulatory functions (Goldberg, 2003; Sauer et al, 2004) . It is carried out by cylindrical complexes that seclude the active sites on their interior, away from general access. Protein substrates are recruited to hexameric ATPase-rings that are associated with the protease cylinder and feed the substrates into the degradation chamber under the expense of energy (Striebel et al, 2009b) . Although in eukaryotes and archaea, proteasomes are ubiquitous and represent the main degradation route for cellular proteins (Pickart and Cohen, 2004; MaupinFurlow et al, 2005) , bacteria contain a set of different, but architecturally related degradation complexes, for example Clp, Lon and FtsH proteases (Kress et al, 2009) .
Actinobacteria, including the genus Mycobacteria, represent an unusual group, as they have acquired proteasomes by horizontal gene transfer (Tamura et al, 1995; Hu et al, 2006) . The 20S proteasomal genes cluster together with other genes of the proteasome degradation pathway, like for example the regulatory ATPase ARC (called Mpa in mycobacteria) (Wolf et al, 1998; Darwin et al, 2005) , which are not present in nonproteasome-harbouring bacteria. The function of the acquired proteasomal degradation system in these bacteria is still very poorly understood. However, in vivo relevance of the proteasome system has been shown for the pathogen Mycobacterium tuberculosis (Mtb). Mtb, the causative agent of tuberculosis, is a highly infectious organism with an intracellular life-style. Taken up by macrophages of the lung epithelium, it persists and proliferates in the phagosome. Mutant Mtb strains that lack components of the proteasomal degradation pathway exhibit severe impairment of persistence in infected mice (Darwin et al, 2003; Gandotra et al, 2007; Lin et al, 2009 ).
It has recently been shown that recruitment of substrates to the mycobacterial proteasome pathway occurs in a manner analogous to ubiquitin-dependent degradation in eukaryotes. The small protein Pup (prokaryotic ubiquitin-like protein), encoded directly upstream of the proteasome, is covalently attached to lysine residues of substrate proteins through its C-terminus, thereby targeting the substrates for degradation through the proteasome pathway (Pearce et al, 2008; Burns et al, 2009 ). Pup does not have any sequence homology to ubiquitin except a diglycine motif (GGQ) at its C-terminus (Knipfer and Shrader, 1997; Pearce et al, 2008) , and unlike the well-structured ubiquitin, Pup adopts a range of extended conformations as shown by NMR analysis (Chen et al, 2009; Liao et al, 2009; Sutter et al, 2009) . Despite its C-terminal GGQ motif, mass spectrometry showed that Pup conjugates contain GGE-K isopeptide bonds, suggesting a deamidation step as part of the pupylation pathway (Pearce et al, 2008; Burns et al, 2009) . Furthermore, proteasome accessory factor A (PafA) was suggested as a likely component of the conjugation pathway, because pupylated substrates are absent in an Mtb pafA À strain (Pearce et al, 2008) . Reconstitution of the complete pupylation pathway in vitro showed that a previously undescribed protein, Dop (deamidase of Pup), encoded directly upstream of Pup deamidates the C-terminal glutamine of Pup and thereby renders it competent for conjugation, which is carried out by the Pup ligase PafA (Striebel et al, 2009a) . The function of Dop has recently been confirmed in vivo using an Mycobacterium smegmatis dop À strain, in which pupylation could be restored by exogenous expression of Pup-GGE, but not by expression of Pup-GGQ (Imkamp et al, 2010) .
Recognition of Pup occurs via the N-terminal coiled-coil domain of Mpa (Sutter et al, 2009) , which makes extensive contacts along the central region of Pup (Chen et al, 2009; Liao et al, 2009; Sutter et al, 2009 ). The Mpa coiled-coil domain is located on top of a hexameric interdomain comprising a tandem OB-fold that C-terminally connects to the canonical AAA domain (Djuranovic et al, 2009; Wang et al, 2009) . Association of proteasomal ATPases with the respective core cylinders is in part mediated by insertion of their Cterminal tails (with a tyrosine in the penultimate position) into binding pockets on the proteasome cylinder face (Smith et al, 2007; Rabl et al, 2008) . In analogy to other AAAproteasome complexes, pupylated substrate proteins have to traverse the central OB-AAA channel to gain access to the proteasome's active sites. Although interaction of Mpa with an open-gate variant of the 20S proteasome has been observed in vitro in the presence of ATPgS by electron microscopy (Wang et al, 2009 ) and degradation of pupylated substrates by the Mpa-proteasome has been inferred from in vivo data (Pearce et al, 2006 (Pearce et al, , 2008 Burns et al, 2009) , degradation of pupylated proteins by the Mpa-proteasome complex has never been shown in vitro.
Here, we have reconstituted the complete bacterial proteasomal degradation pathway, showing that Mpa unfolds and translocates a Pup-GFP model substrate as well as a bona fide proteasomal substrate into the 20S core particle where the substrate and Pup are degraded to peptides. This process involves initial recognition of Pup via the coiled-coil domains of Mpa and subsequent initiation of unfolding via the N-terminal residues of Pup.
Results
Mpa unfolds a Pup-fused model substrate under the expense of ATP In actinobacteria, ARC (called Mpa in mycobacteria) is suggested as the proteasomal ATPase that recruits pupylated substrate proteins to the 20S core particle for degradation. An mpa-deficient Mtb strain has been shown to accumulate proteasomal substrate proteins and direct physical interaction between Mpa and an open-gate variant of the 20S proteasome has been shown in vitro by negative-stain EM (Pearce et al, 2006 (Pearce et al, , 2008 Wang et al, 2009) .
To test the ability of Mpa to unfold pupylated substrates by threading them through its central pore, a model substrate was constructed by fusing Pup N-terminally to GFP. GFP exhibits a strong fluorescence signal in the folded state, but is rendered non-fluorescent upon unfolding. A similar assay has been used to reveal the unfoldase activity of the bacterial ClpA ATPase partner of ClpP (Weber-Ban et al, 1999) . Upon mixing of Mpa with Pup-GFP in the presence of ATP, a decrease in GFP fluorescence is observed that is absent when either ATP or Mpa is not added, suggesting an adjustment to equilibrium between Mpa-mediated Pup-GFP unfolding and spontaneous refolding of released, non-native Pup-GFP (Figure 1) . Addition of 'GroEL-trap', a variant of the chaperonin that can bind but not release non-native substrates, interrupts the refolding of GFP by 'trapping' the unfolded substrates in their non-native state. We, therefore, used a three-fold excess of GroEL-trap over Pup-GFP in the unfolding assay and under those conditions observed a nearly complete loss of Pup-GFP fluorescence, proving that the entire Pup-GFP population is unfolded by the ATP-dependent action of Mpa (Figure 1 ).
Loops in the Mpa pore mediate unfolding after recognition of Pup at the coiled-coil domains
We have shown earlier that the coiled-coil domain of Mpa, but not the interdomain, the AAA domain, or full-length Mpa lacking the coiled-coil domain, can bind the modifier Pup (Sutter et al, 2009) . Hence, Mpa lacking the coiled-coil domain (MpaD98N) should be unable to recruit and unravel the Pup-GFP model substrate. Indeed, upon mixing of MpaD98N with Pup-GFP in the presence of ATP and GroELtrap, we do not observe any change in the fluorescence signal (Figure 2A ), although deletion of the coiled-coil domain does not influence the oligomeric state of Mpa (Zhang et al, 2004; Wang et al, 2009 ) nor its ATPase activity (Supplementary Figure S1 ). This shows that the coiled-coil domain is essential for recruitment of Pup-GFP to Mpa.
The common mechanistic feature of AAA ATPases is the conversion of ATP hydrolysis into mechanical activity by coupling distinct conformational states to the different nucleotide states in the nucleotide-binding site (Hanson and Whiteheart, 2005) . Several AAA ATPases have been shown to couple their ATPase activity to up-and down-movements of pore loops with a conserved aromatic-hydrophobic-glycine motif (Ar-f-Gly), which make contact with substrate proteins, exerting a pulling force that leads to unfolding and translocation of the substrate (Wang et al, 2001; Schlieker et al, 2004; Hinnerwisch et al, 2005; Martin et al, 2008) . We identified the loop with the conserved motif (FVG in Mpa) by sequence alignment with other members of the AAA-ATPase family (Supplementary Figure S2) and generated two variants replacing the phenylalanine in the conserved motif either with alanine (Mpa-F341A) or with tyrosine (Mpa-F341Y). Whereas the alanine variant can no longer unfold Pup-GFP in the GroEL-trap assay, the tyrosine variant still carries an unfolding activity comparable to wild-type Mpa ( Figure 2B ). narrow entrance pores of the respective degradation cylinders Reid et al, 2001) . As shown earlier, Mpa unfolds a pupylated model substrate, Pup-GFP. As degradation of a pupylated substrate has never been shown in vitro, we now tested, whether Mpa together with the open-gate proteasome (D7CP, a core particle in which the a-subunits are truncated by seven N-terminal residues) is sufficient to degrade Pup-GFP. We used the open-gate proteasome, because it was shown by EM that the wild-type proteasome does not interact substantially with Mpa (Wang et al, 2009) .
Interaction of
We recorded fluorescence time traces after mixing of Mpa, D7CP and the Pup-GFP model substrate in the presence of ATP ( Figure 3A) . A steep fluorescence decrease is observed, that is absent when Mpa is absent. One possible explanation of the observed fluorescence decrease would be that unfolded Pup-GFP released from Mpa is captured by the open-gate proteasome and degraded. To test this, we repeated the experiment with an Mpa variant (MpaD2C) lacking the two C-terminal residues (Pearce et al, 2006) that were shown to insert into binding pockets on the 20S cylinder face for the archaeal proteasome system (Smith et al, 2007; Rabl et al, 2008) . For MpaD2C a fluorescence decrease is observed that is orders of magnitude slower than the one observed with full-length Mpa ( Figure 3A) , although MpaD2C has the same unfolding activity as full-length Mpa (Supplementary Figure  S3) . This clearly shows that Mpa is in contact with the core particle during the unfolding of the model substrate and directly feeds the unraveled polypeptide into the degradation chamber. The interaction between Mpa and D7CP is further supported by the observation that the basal ATPase activity of Mpa is stimulated by a factor of around 1.7 when D7CP is present, whereas no stimulation was observed upon addition of the wild-type core particle ( Figure 3D ).
In the Pup-GFP model substrate, Pup is connected to the GFP a-amino group through a regular peptide bond. However, in vivo, Pup is conjugated to the e-amino group of substrate lysine residues, resulting in an isopeptide linkage. To also test the degradation of a bona fide Mtb proteasomal substrate, we pupylated the previously identified substrate protein PanB (Pearce et al, 2006) in vitro by using recombinantly produced PanB, deamidated Pup (Pup-GGE) and Pup ligase PafA. After mixing of Mpa, D7CP and purified PanB-Pup in the presence of ATP, we drew samples at specific time intervals and analysed them by SDS-PAGE ( Figure 3B ). The band of PanB-Pup disappears, indicating rapid in vitro degradation. In contrast, PanB is not degraded, showing that only pupylated subunits are extracted from the decameric PanB substrate (Chaudhuri et al, 2003) . Control degradation reactions in the absence of either open-gate proteasome, Mpa or ATP show no decrease in the intensity of the PanB-Pup band ( Figure 3B ). We also observed no significant degradation activity using the MpaD2C variant that is impaired in its interaction with the proteasome ( Figure 3B ). Consistent with the observation by EM that the wild-type proteasome does not interact substantially with Mpa (Wang et al, 2009) , we detect only very low activity for the recombinantly produced wild-type proteasome in vitro ( Figure 3C ; Supplementary Figure S4 , also see Discussion below).
Taken together, our results show, for the first time, that the complex between Mpa and the open-gate 20S proteasome degrades pupylated substrate proteins in vitro.
Unfolding by the Mpa-proteasome requires the N-terminal region of Pup
We have proposed earlier that separate regions of Pup that map directly to its primary structure are responsible for distinct functional interactions (Sutter et al, 2009) . The flexible C-terminal region is involved in the formation of the isopeptide bond with the substrate protein, and the large central region (residues 21-58, Figure 4A ) is responsible for interaction with the Mpa N-terminal coiled-coil domain (Sutter et al, 2009) . Consequently, two Pup model substrates where either the N-terminal half of Pup (residues 1-34) or the C-terminal half (residues 35-64) of Pup was fused to GFP (NPup-GFP and CPup-GFP, respectively) are not unfolded by the Mpa ATPase (Supplementary Figure S5) .
The N-terminal region of Pup is largely unstructured, suggesting that it might serve to reach down into the Mpa pore after recruitment of Pup to the Mpa coiled-coil domains. To test this hypothesis, we generated Pup-GFP variants with deletions at the N-terminus, removing the first 8 or first 19 residues of Pup (PupD8N-GFP or PupD19N-GFP). Unlike fulllength Pup linked to GFP, neither one of the truncated model substrates exhibits a fluorescence decrease when mixed with Mpa and GroEL-trap in the presence of ATP ( Figure 4B ). To investigate whether deletion of the eight N-terminal residues of Pup also stabilizes a bona fide proteasomal substrate, we purified PupD8N and conjugated it to PanB using the Pup-ligase PafA. Upon addition of Mpa and the open-gate proteasome, no significant degradation is observed for PanB modified with PupD8N, whereas PanB modified with wildtype Pup is completely degraded ( Figure 4C ; Supplementary Figure S4) . A control experiment showed that PupD8N still bound to Mpa in a pulldown assay (Supplementary Figure  S6) . This suggests that a certain length of the unstructured Nterminal module is required to reach into the Mpa pore, where it can be contacted by the ATP-driven pore loops.
The question remains, however, whether processability is mainly dependent on the length of the Pup N-terminus or whether sequence specificity also has a function. To investigate that question, we created Pup-GFP variants where the eight N-terminal residues were replaced by the N-terminal sequences of Pup proteins from three other organisms (Corynebacterium glutamicum, Streptomyces coelicolor, Leptospirillum sp.). These N-terminal Pup sequences served equally well as the Mtb sequence to recruit Pup-GFP to Mpa for unfolding ( Figure 4D ). This suggested that the exact sequence of the N-terminal stretch might not be of particular importance, but rather the length of it. Indeed, even when replacing the N-terminal eight residues with a generic-linker sequence (Hennecke et al, 1998) entirely unrelated to the sequence of Pup, the modified targeting tag was as efficient in recruiting GFP to Mpa for unfolding as wild-type Pup ( Figure 4E , 'linker 2'). Taken together, these results show that there is no strict sequence specificity involved in the threading of the Pup-N-terminus into Mpa. However, this does not mean that any sequence will serve this purpose equally well, as is shown by another generic sequence ( Figure 4E , 'linker 1'). A Pup-GFP variant carrying this N-terminus did not exhibit a strong fluorescence signal decrease in the unfolding assay with GroEL-trap and could thus obviously only be engaged poorly into the Mpa pore for unfolding.
Pup is not recycled during in vitro degradation of pupylated substrates
In eukaryotes, processing of polyubiquitinated substrates requires the en bloc removal of the ubiquitin chains, an activity intrinsic to the 19S regulatory particle (Verma et al, 2002; Yao and Cohen, 2002) . Ubiquitin is thus recycled and is usually not engaged into the unfolding pore. In fact, it has been shown that in addition to polyubiquitination, an unstructured initiation site must be present in the substrate protein from which the proteasomal ATPases can unravel the substrate (Prakash et al, 2004; Takeuchi et al, 2007) . To investigate whether Pup is recycled at the ATPases or whether its N-terminus serves as the unstructured initiation site in this system, leading to degradation of Pup along with the substrate, we performed degradation of pupylated PanB and analysed the reaction by SDS-PAGE ( Figure 5A ). Upon completion of the degradation reaction, we did not observe recycled Pup, which would be detectable at the concentrations of PanB-Pup used in this experiment ( Figure 5A , lane 6). Furthermore, Pup itself is degraded in a proteasome-dependent manner, whereas PupD8N is stable over the course of the experiment ( Figure 5B ). This raises the question how Pup can function as a degradation signal if free Pup is already degraded by the Mpa-proteasome. A competition experiment, in which Mpa and D7CP are simultaneously incubated with free Pup and PanB-Pup shows that degradation of free Pup starts only after PanB-Pup has been degraded nearly completely (Supplementary Figure S7) . In the degradation reactions with PanB-Pup and Pup, a transient band is visible in SDS-PAGE ( Figure 5A and B, marked with an asterisk), representing a Pup-fragment as shown by anti-Pup western blot and trypsinization of this band followed by LC-ESI-MS-MS (Supplementary Figure S8 and data not shown). Analysis of this fragment by ESI-MS revealed that Pup is truncated after Tyr58 (Supplementary Figure S9) , suggesting that the proteasome preferentially cleaves Pup at this chymotrypsin-specific site.
Taken together, these experiments show that Pup is not recycled from pupylated proteins in vitro but degraded along with the substrate.
Discussion
It has recently been uncovered that mycobacteria and other actinobacteria have evolved an independent solution to proteasomal substrate targeting, termed pupylation ( analogies to the eukaryotic ubiquitination pathway (Striebel et al, 2009a) . In this process, the small protein Pup is covalently attached to lysine residues of substrate proteins through its C-terminus. The mechanism of Pup conjugation differs drastically from ubiquitination (Striebel et al, 2009a) , but both tags serve as recognition elements targeting the substrates to proteasomal, regulatory binding partners that prepare the substrates for degradation. In M. tuberculosis (Mtb), Pup is recognized by the AAA-ATPase Mpa (called ARC in other actinobacteria) (Chen et al, 2009; Liao et al, 2009; Sutter et al, 2009) . In analogy to archaeal and eukaryotic proteasomal ATPases and the bacterial Clp-type ATPases, Mpa is expected to unfold pupylated substrates by threading them through its central pore and to translocate them into the 20S proteasome. Interaction between Mpa and the proteasome had been suggested from the in vivo accumulation of proteasomal substrates in an mpa-knockout strain as well as proteasome-inhibited strains (Pearce et al, 2006 (Pearce et al, , 2008 , and was recently confirmed by EM using an open-gate variant of the proteasome (Wang et al, 2009) . In this study, we have reconstituted the unfolding and degradation of pupylated proteins by the Mpa-proteasome system in vitro and established mechanistic properties of this degradation pathway. To obtain a fluorescence-based, realtime readout of substrate processing by the ATPase Mpa, we generated the model substrate Pup-GFP, in which Pup is fused N-terminally to GFP. Making use of the fluorescencereadout and a trapping technique for non-native substrate proteins, we show that Mpa unfolds the Pup-GFP model substrate under the expense of energy (Figure 1) . This is the first direct demonstration of an Mpa-unfolding activity. We could further show that unfolding by Mpa leads to efficient proteasomal degradation of Pup-GFP as well as of the bona fide proteasomal substrate PanB-Pup (Figure 3) , a substrate in which Pup had been natively conjugated to a lysine residue of PanB by the Pup-ligase PafA.
The entrance to the central cavity of 20S proteasomes is occluded by the N-termini of the a-subunits, which was also observed for the core particle of Mtb (Hu et al, 2006 ; Lin et al, 2006) . For archaea and eukaryotes, it was shown that gate opening requires the interaction with the respective proteasomal ATPase PAN or the Rpt-ATPases. Interestingly, even short peptides with the sequences of the C-termini of PAN or Rpt2/5 (containing the conserved penultimate tyrosine residue) were sufficient to induce the open-gate conformation of the 20S core particle (Smith et al, 2007; Gillette et al, 2008; Rabl et al, 2008) . Mpa also contains a conserved penultimate tyrosine (Pearce et al, 2006) , and our in vitro degradation assay showed that an Mpa variant truncated by the two C-terminal residues (MpaD2C, Figure 3 ) is strongly impaired in supporting the translocation of substrates into the 20S core particle. Together with in vivo data showing that an Mtb mutant strain carrying the MpaD2C-variant led to accumulation of proteasomal substrates (Pearce et al, 2006) , this suggests that Mpa uses a similar gate-opening mechanism. Strikingly, actinobacteria that encode Mpa/ARC, but not the proteasomal subunits, for example bifidobacteria and corynebacteria, do not feature the C-terminal extension with the conserved tyrosine.
However, efficient interaction between Mpa and the proteasome und thus efficient substrate degradation in vitro can only be observed if an open-gate variant of the proteasome is used, in which the N-termini of the a-subunits are genetically truncated. It was shown by negative-stain EM that Mpa does not interact substantially with the wild-type proteasome (Wang et al, 2009) , which is in agreement with our observation that the Mpa-ATPase activity is stimulated by the open gate, but not the wild-type proteasome ( Figure 3D ). Also consistent with this, we observed only very slow degradation of PanB-Pup using Mpa and wild-type proteasome after prolonged incubation ( Figure 3C; Supplementary Figure S4) .
The C-termini of proteasomal ATPases insert into intersubunit pockets of two neighbouring a-subunits, leading to displacement of a reverse-turn loop with a conserved proline und thus to gate opening (Forster et al, 2003 (Forster et al, , 2005 Rabl et al, 2008; Yu et al, 2010) . The proline is also conserved in bacterial a-subunits; however, the very N-termini are shorter than those from their archaeal and eukaryotic homologs, leading to a clustering of aromatic and hydrophobic residues (MSFPYFI for Mtb, see Supplementary Figure S10) . Other residues of archaeal a-subunits that were shown to participate in the binding of the C-termini of PAN (Rabl et al, 2008; Yu et al, 2010) are also partially conserved in bacteria. Strict conservation cannot be expected, as the binding pockets in the a-rings may have evolved differently to allow binding of the cognate C-terminus of the proteasomal ATPase. Taken together, this suggests that the Mpa-proteasome complex likely uses a similar mechanism as other proteasomal systems in regulating gate opening. However, further studies will be necessary to elucidate this and it cannot be ruled out that a factor in addition to the proteasomal ATPase Mpa is needed for efficient proteasomal gate opening in bacteria.
On the basis of our earlier findings (Sutter et al, 2009 ) and the results presented in this study, we propose the following model for degradation of pupylated substrates ( Figure 6 ): (1) initial recognition of Pup by Mpa, (2) engagement of Pup's N-terminus into the Mpa pore, (3) unfolding, translocation and degradation of the pupylated substrate.
Initial recognition of Pup takes place at the N-terminal coiled-coil domains of Mpa (Mpa-CC) with a K D of 3-4 mM (determined for Mpa binding to free Pup), a binding event that can occur in the absence of nucleotide (Sutter et al, 2009) . Coiled coils are a general feature of proteasomal ATPases (Djuranovic et al, 2009) , and it was shown that Mpa-CC contacts the extended middle segment of Pup (residues 21-58, Figure 4A ), leaving its N-terminal region unconstrained. Hence, an Mpa variant lacking the coiled-coil domain (MpaD98N) is deficient in Pup binding (Sutter et al, 2009 ) and consequently also in unfolding (Figure 2A) .
The second step, engagement of the substrate, requires the N-terminus of Pup. Substrates modified with Pup that was truncated by eight residues from the N-terminus (PupD8N) are strongly stabilized against unfolding by Mpa ( Figure 4B and C), although these residues do not participate in the initial recognition event (Chen et al, 2009; Liao et al, 2009; Sutter et al, 2009 ) and PupD8N still binds to Mpa in pulldown assays. Fusion of orthologous N-terminal Pup sequences or a generic-linker sequence to PupD8N restored unfolding activity by Mpa, indicating little sequence specificity for the initial unfolding event (Figure 4D and E) . A similar length dependence has been observed for the bacterial chaperone ClpA in the degradation of bacterial N-end rule substrates (Erbse et al, 2006) . It is tempting to speculate that the N-terminal residues of Pup are needed to traverse the Mpa interdomain (Mpa-ID) (Djuranovic et al, 2009; Wang et al, 2009 ) and contact the conserved Ar-f-Gly-loops of the Mpa-ATPase domain (Mpa-AAA, Figure 6 ). This is further supported by the fact that in the partially tagged population of decameric PanB (Chaudhuri et al, 2003) , only those PanB subunits are degraded that are covalently fused to Pup, even though the whole complex is tethered to Mpa ( Figure 3B ). It has been shown for several AAA ATPases that nucleotide hydrolysis leads to up-and down-movements of these pore loops along the pore axis, exerting a pulling force on stretches of substrate they contact, which causes substrate unfolding and translocation (Wang et al, 2001; Schlieker et al, 2004; Hinnerwisch et al, 2005; Martin et al, 2008) . This leads to step three, the processive unraveling and translocation of pupylated substrates into the 20S core particle ( Figure 6 ). An F341A substitution in the conserved pore loop abolishes Mpa unfolding activity ( Figure 2B ), suggesting that Mpa uses a similar mechanism as described for other AAA proteins. Consistently, a comparable loop mutation of Mpa (V342A) led to in vivo accumulation of a proteasomal substrate (Wang et al, 2009) . Importantly, Pup is not recycled in our in vitro assay but degraded along with the substrate and, furthermore, Pup alone is degraded in an Mpa-dependent manner ( Figure 5A and B) . Nevertheless, the competition experiment with Pup and pupylated substrate (Supplementary Figure S7) suggests that the affinity of Mpa towards pupylated substrates may be higher than to free Pup. Furthermore, the relative cellular levels of free Pup versus pupylated substrates might be rather small. This is, amongst other factors, also influenced by the affinities of the conjugation machinery towards Pup.
The features discussed above highlight important differences to the eukaryotic ubiquitin system, that uses a two-part degradation signal (Schrader et al, 2009) . The first part of the degradation signal consists of tethering by polyubiquitin, a process in which the polyubiquitin tag is usually recognized by Ub-receptors at the 19S regulatory particle (Deveraux et al, 1994; Husnjak et al, 2008) . However, polyubiquitination is Proposed mechanism for degradation of pupylated substrates.
Step 1: The substrate (yellow) modified with Pup (blue and red) binds to the coiled-coil domains of Mpa (brown, 'CC') with a K D of 3-4 mM (Sutter et al, 2009 ). The C-terminal helix of Pup is shown as a blue cylinder, the residues of Pup (21-58) bound by Mpa-CC are shown in blue, and the N-terminal region of Pup is shown in red.
Step 2: The Nterminal segment of Pup (red) is engaged by the Ar-f-Gly-loops (green) in the ATPase domain of Mpa (AAA). 'ID' refers to the Mpa interdomain.
Step 3: Mpa unfolds and translocates the pupylated substrate into the 20S proteasome (grey), where Pup and the substrate are degraded to peptides.
not sufficient for efficient degradation (Thrower et al, 2000; Petroski and Deshaies, 2003) , as it was shown that as a second determinant, the substrate needs to contain an unstructured initiation site from which unfolding can occur (Janse et al, 2004; Prakash et al, 2004 Prakash et al, , 2009 Piwko and Jentsch, 2006; Takeuchi et al, 2007) . Thus, the main function of polyubiquitination seems to be tethering of the substrate to the proteasome until engagement for unfolding has occurred. The activity of ubiquitin-ligases and de-ubiquitinases present in the 19S regulatory subunit can fine-tune the time a substrate spends at the proteasome, thereby influencing the likelihood of degradation (Lam et al, 1997; Crosas et al, 2006) . Once the substrate is committed for degradation, Rpn 11 catalyses the en bloc removal of poly-Ub, leading to recycling of ubiquitin and degradation of the substrate (Verma et al, 2002; Yao and Cohen, 2002) . In contrast, Pup contains both determinants of the degradation signal on one chain: the extended middle segment functions as a tethering site and localizes the pupylated substrate to the Mpa-proteasome (Chen et al, 2009; Liao et al, 2009; Sutter et al, 2009) . The N-terminal residues then serve as the unfolding initiation site, ultimately leading to degradation of the substrate and Pup. This dual function of Pup is intimately connected with its flexible structure (Chen et al, 2009; Liao et al, 2009; Sutter et al, 2009) , whereas ubiquitin adopts a stable tertiary fold. Thus, although Pup resembles ubiquitin in that it is a degradation signal conjugated to lysine residues of substrates, it relates mechanistically more to other bacterial degradation signals. These signals usually consist of short N-or C-terminal extensions, like the ssrA-tag, and are sufficient for tethering and initiation of unfolding (Sauer et al, 2004; Moore and Sauer, 2007; Striebel et al, 2009b) .
In summary, we have reconstituted the full-proteasomal degradation pathway of M. tuberculosis in vitro and have established several key mechanistic features of this pathway. The results presented here will lay the basis for future studies and provide tools for screening for inhibitors of the proteasome system using the Pup-GFP reporter construct.
Materials and methods

Cloning of constructs
All genes except gfp and groEL were obtained by PCR from M. tuberculosis H37Rv genomic DNA. mpa was cloned with and without a C-terminal His 6 -tag between the NdeI and BamHI restriction sites into pET20 (Novagen). mpaD98N was cloned through NcoI/BamHI into pET16 (Novagen) with a C-terminal His 6 -tag and deleting the first 98 amino acids of Mpa. The mpa loop variants (F341A, F341Y) were obtained by site-directed mutagenesis from pET20-mpa-his 6 . The variant mpaD2C was obtained by introducing a stop codon after amino acid 607 by site-directed mutagenesis from pET20-mpa.
pup-gfp fusions were generated by cloning pup through BamHI/ SacI and gfp through SacI/HindIII restriction sites into a His 6 -Thioredoxin-TEV fusion vector (Striebel et al, 2009a) , resulting in a His 6 -Thioredoxin-TEV-Pup-GFP construct. The variants Npup-gfp and Cpup-gfp were obtained by fusing residues 1-34 and residues 35-64 of Pup to GFP, respectively. The variants pupD8N-gfp and pupD19N-gfp were obtained by deleting the first 8 and 19 residues of Pup, respectively. pup-gfp variants replacing the first eight amino acids of Pup were obtained by PCR from pupD8N-gfp.
PanB-Strep was cloned with a C-terminal Strep-tag through NcoI/ EcoRI intp pET-Duet1. For soluble expression of the open-gate 20S proteasome, prcA was truncated by deleting the seven N-terminal amino acids and cloned through NcoI/EcoRI and mature prcB with a C-terminal Strep-tag through NdeI/EcoRV into pET-Duet (Novagen). For expression of inclusion bodies (IBs), wild-type prcA was cloned through NcoI/EcoRI in pETDuet and mature, untagged prcB through NdeI/HindIII into pET20. All constructs were verified by DNA sequencing. Primer sequences are summarized in Supplementary Table I .
Expression and purification of proteins
Pup and PafA-His 6 (Striebel et al, 2009a) and GroEL-trap (GroEL D87K) (Fenton et al, 1994) were purified as described. Mpa, PanBStrep and Pup-GFP were expressed in Escherichia coli BL21 (DE3) from IPTG-inducible plasmids at 30, 20 and 251C, respectively. The 20S open-gate proteasome was expressed by auto-induction at 251C. Expression of wild-type a-subunit and mature, untagged b-subunit as IBs was carried out separately in E. coli BL21(DE3) for 5 h at 371C.
Mpa was purified by an anion-exchange step (Fast Flow Q), a subsequent cation-exchange step (Source 30S) and size-exclusion chromatography (Superose 6) and stored in 50 mM Tris pH 7.5, 150 mM NaCl, 10% (v/v) glycerol, 1 mM EDTA, 1 mM DTT. MpaHis 6 variants were purified by Ni 2 þ -affinity chromatography (HiTrap IMAC HP) and size-exclusion chromatography (Superose 6).
Pup-GFP was expressed as His 6 -Thioredoxin-TEV-Pup-GFP fusion protein and purified by Ni 2 þ -affinity chromatography (HiTrap IMAC HP). After cleavage of the fusion protein with TEV-protease (Invitrogen), His 6 -Thioredoxin and TEV-protease were removed by Ni 2 þ -affinity chromatography. Pup-GFP was stored in 50 mM Tris pH 7.5, 150 mM NaCl, 1 mM EDTA (buffer S). Note that all Pup-GFP constructs contain an additional N-terminal Gly-Ser stemming from the TEV cleavage site.
PanB-Strep was purified by Strep-Tactin affinity chromatography (IBA). The open-gate 20S proteasome was purified by Strep-Tactin affinity chromatography (IBA) and subsequent size-exclusion chromatography (Superose 6) and stored in 50 mM HEPES pH 7.5, 150 mM NaCl, 10% (v/v) glycerol, 1 mM EDTA.
The wild-type proteasome was purified from IBs by standard protocols. Briefly, IBs were washed three times by resuspension centrifugation in 50 mM Tris pH 7.5, 1 mM EDTA, 1% (v/v) TritonX-100. The final washing step was carried out without TritonX-100. Then, IBs were solubilized in 100 mM Tris pH 7.5, 8 M urea, 1 mM EDTA and non-solubilized material removed by centrifugation. Subsequently, equal molar amounts of a-and b-subunit were mixed and refolded by dropwise rapid dilution into 200 ml of 50 mM Tris pH 7.5, 1 M arginine, 1 mM EDTA to a final protein concentration of 0.3 mg/ml. After dialysis into 50 mM Tris pH 7.5, 50 mM NaCl, 1 mM EDTA and centrifugation, the soluble proteins were precipitated with 70% ammonium sulphate. The precipitated pellet was dissolved in 50 mM Tris pH 7.5, 150 mM NaCl, 1 mM EDTA, and assembled proteasomes were separated from aggregates and monomers by size-exclusion chromatography (Superose 6).
Chromatographic material was purchased from GE Healthcare. Concentrations of proteins were determined by absorption at 280 nm, for GFP at 447 nm. For Mpa and proteasome, the concentrations refer to concentrations of the oligomer (6-mer and 28-mer, respectively), for all others to concentrations of the monomer. All purified proteins were verified by ESI-MS.
Pup-GFP unfolding by Mpa
Unfolding of different Pup-GFP variants was followed by monitoring the fluorescence intensity at 510 nm (excitation at 400 nm). Measurements were carried out on a fluorescence spectrometer (PTI) in buffer R (50 mM Tris pH 7.5, 150 mM NaCl, 10% (v/v) glycerol, 20 mM MgCl 2 , 1 mM DTT) completed with 25 mM phosphocreatine (Sigma) and 1 U/ml creatine phosphokinase (Sigma) at 231C. Unfolding of Pup-GFP was initiated by mixing 0.5 mM Mpa, 3 mM GroEL-trap and 1 mM Pup-GFP with 5 mM ATP. The fluorescence intensity within one data set was normalized using F normalized ¼ F(t)/F initial .
Pup-GFP degradation by the Mpa proteasome
Pup-GFP degradation was followed as described for the unfolding assay by mixing 0.3 mM Mpa, 0.4 mM open-gate proteasome and 3 mM Pup-GFP with 5 mM ATP.
PanB-Pup degradation by the Mpa proteasome
PanB-Strep (47 mM) was conjugated with Pup by incubation with the Pup-ligase PafA-His 6 (1 mM) and Pup-GGE (40 mM) in the presence of ATP (Striebel et al, 2009a) . Then, PafA-His 6 was removed from the reaction mixture by Ni 2 þ -affinity chromatography and residual Pup-GGE by multiple rounds of ultrafiltration (Amicon spin column, 50000 MWCO). Subsequently, 10 mM PanB/ PanB-Pup mixture was incubated with 0.1 mM Mpa, 0.1 mM opengate proteasome (unless otherwise stated) and 5 mM ATP at 231C in buffer R supplemented with appropriate amounts of ATP regeneration system. The reaction was terminated at the indicated time points with SDS-sample buffer and analysed by SDS-PAGE and Coomassie-staining. For comparison of PanB-Pup and PanBPupD8N, Mpa and the open-gate proteasome were directly added to the conjugation reaction.
For degradation reactions using the wild-type proteasome, PanBPup (1 mM) was incubated with Mpa (0.2 mM) and wild-type proteasome (0.2 mM) in the presence of ATP (5 mM) and ATP regeneration system. The reactions were carried out at 231C in 50 mM Hepes pH 7.5, 10 mM MgCl 2 , 1 mM DTT supplemented with 40 mM phosphocreatine and 0.4 U/ml creatine phosphokinase.
ATPase activity of Mpa
The ATPase activity was measured at 231C in buffer R with a continuous spectrophotometric assay coupled to inorganic phosphate production using 7-methylinosine and the enzyme purine nucleoside phosphorylase (Rieger et al, 1997) . Mpa (0.2 mM) was measured in the presence or absence of wild-type or open-gate proteasome (0.5 mM), and the reaction was started by addition of ATP (5 mM).
Pulldown using Pup as bait Pulldowns were performed as described (Striebel et al, 2009a) with Pup covalently immobilized on amine-reactive beads in buffer R supplemented with 0.5% (v/v) NP40.
Supplementary data
Supplementary data are available at The EMBO Journal Online (http://www.embojournal.org).
